In this research, the degradation efficiency, mechanism and intermediates' toxicities of oxcarbazepine (OXC) upon chlorination, chlorine dioxide oxidation and ozonation were investigated.
INTRODUCTION
Micropollutants in the environment are of great concern due to their threat to the preservation and sustainability of the environment. Increasing levels of micropollutants in soil and in ground and surface water could lead to a potentially serious risk to ecology and to human health by direct or indirect exposure to these chemicals (Qiao et al. ; Sun et al. ) . To the best of our knowledge, there has been little study of OXC removal in drinking water treatment, and fewer publications have reported the degradation intermediates and mechanism of OXC during disinfection (Li et al. ) . Furthermore, there has not been any investigation of the degradation efficiency, degradation mechanism and intermediates' toxicity of OXC with chlorination, ClO 2 disinfection and ozonation.
With this in mind, the objectives of this study are (1) to investigate degradation efficiencies and kinetics of OXC upon the three different disinfection approaches of chlorination, ClO 2 oxidation and ozonation, (2) to identify the transformation products and propose the tentative degradation pathways during the different oxidation approaches and (3) to evaluate the toxicities of the by-products, comparatively.
MATERIALS AND METHODS

Oxidation experiments
Reactions of OXC (!98%, HPLC grade) with Cl 2 , ClO 2 and O 3
were conducted in a 1,000 mL cylindrical jacketed borosilicate glass reactor, in batch mode. Chlorination was carried out with NaClO (4.00%-4.99%) and the procedure was as follows. were also removed by the addition of 20 mM Na 2 SO 3 . All the experiments were repeated at least three times and the data were presented as mean value ± deviations.
Analytical methods
The concentrations of available Cl 2 and ClO 2 in the solution were determined by the N,N-diethyl-p-phenylenediamine 
Toxicity evaluations
Toxicities of the degradation by-products from OXC oxidation were performed by using the US-EPA TEST 
RESULTS AND DISCUSSION
OXC degradation kinetics
Reactions between the disinfectants and the target inorganic and/or organic compounds can be presented by the wellestablished second-order kinetics, and by first-order with respect to both reactants (Sharma ) . Therefore, the reaction rates of OXC with the selected oxidants may be expressed as follows:
where [OXC] was the total molar concentration of OXC;
[Oxidant] was the total molar concentrations of the disinfec- are the apparent second-order and rate constant and the corresponding pseudo-first-order rate constant during OXC disinfection. Integration of each side of Equation (1) can result in Equation (3):
The plots of ln Figure S1 
OXC mineralization efficiencies
Further investigation of OXC mineralization was carried out with DOC and NO 3 À variations compared to OXC removal.
Results presented in Figure 1 show that all the three oxidation approaches had OXC mineralization capability to some 
OXC degradation by-products
During the degradation of OXC by chlorination, ClO 2 oxidation and ozonation processes, series intermediates were identified with UPLC-Q-TOF-MS operated in the full scan and production ion scan modes. A total of 27 OXC degradation by-products are compiled in Table S1 (available with the online version of this paper), in which 11 came from chlorination, six from ClO 2 oxidation and 10 from ozonation, respectively. Table S1 presents the retention times in Figure 2 and summarized as follows.
Cl 2 degradation pathway
The OXC degradation pathway during chlorination is illustrated in Figure 2 As shown in Figure 3 , CL-5, CL-6, CL-7, CL-8 and CL-10 were identified as the most accumulated degradation intermediates during OXC chlorination, especially CL-6, CL-7 and CL-8, which were observed to rapidly accumulate to 5,950 counts, 2,030 counts and 2,810 counts, respectively, during the chlorination time of 6 h. Among these compounds, CL-5 was found to be rapidly formed, then decreasing slowly with the reaction time. However, CL-6, CL-7, CL-8 and CL-10 were observed to have an accumulating tendency with the reaction time.
ClO 2 degradation pathway
The OXC degradation pathway during ClO 2 oxidation is illustrated in Figure 2 with the semi-solid line. OXC was firstly 
O 3 degradation pathway
The OXC degradation pathway during ozonation is illustrated in Figure 2 with the solid line. Results indicated that OXC chlorinated by-products were more toxic than OXC, which was in accordance with those from EPA TEST (Table 2) . Most chlorinated by-products such as CL-6, CL-7, CL-8 and CL-10, etc. not only showed obviously higher toxicities than OXC, but also had The reduction of the toxicity may be due to their further degradation and even mineralization with prolonged ozonation time. In all, OXC chlorination would lead to toxicity increase after treatment. Although ClO 2 oxidation and ozonation had a detoxication effect during these processes, ClO 2 oxidation was more effective in toxicity reduction than ozonation.
CONCLUSIONS
Bench-scale experiments were performed to investigate the degradation efficiency, mechanism and intermediates' toxicities of OXC by chlorination, ClO 2 oxidation and ozonation. All the degradation profiles obeyed secondorder kinetics, and ozonation was the most effective both for OXC reduction and mineralization. Totals of 11, six and 10 degradation intermediates were detected by UPLC-Q-TOF-MS during the oxidation processes of Cl 2 , ClO 2
and O 3 , respectively. All the oxidation approaches had similar pathways in the N-heterocyclic ring cleavage mechanism. However, chlorination and ozonation led to more Cl-substitution by-products and OH • attacking intermediates, respectively, and ClO 2 oxidation brought about fewer degradation by-products. The above-mentioned oxidation by-products according to EPA TEST were predicted to be more toxic than OXC, especially those from chlorination. Further tests of the toxicities of oxidized mixtures to the bioluminescent Vibrio fischeri demonstrated the chlorinated samples could lead to the accumulation of toxic transformation products, and ClO 2 oxidation and ozonation had detoxication effects during these processes.
